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STUDY OF A QUANTUM-NON-DEMOLITION MEASUREMENT SYSTEM 
USING DISPLACEMENT-NOISE-FREE INTERFEROMETER  
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Displacement-noise-free interferometer (DFI) has developed for gravitational-wave (GW) detection free from 
any kind of displacement noise, which limits sensitivity of conventional laser interferometer GW detectors. The 
DFI mechanism can be also applied to quantum radiation pressure noise (RPN) in principle, and thus DFI allows 
ultrasensitive sensing beyond the so-called standard quantum limit. Namely, DFI can be a quantum-non-demo- 
lition (QND) measurement device for GW detection. The goal of this study is to examine the QND characteristics 
by cancelling RPN after observing it. Since not only obtaining the two signals which have same displacement 
information on the mirrors for the DFI system but amplifying the incident laser power to observe RPN are 
required for the experiment, I contrived a new optical design, a bidirectional triangular ring cavity DFI (RC-DFI). 
In this thesis, I introduced superiority of the optical system as compared to Mach-Zehnder type, and furthermore I 
demonstrated length control experiment of the cavity for verifying whether the noise cancellation ability on the 
above optical system will be still confirmed. 
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先述の通り，DFI は重力波検出において QND 特性を有
していることが示唆されている．本研究では，その検証
実験を目指して SQL へのアクセスを可能にする DFI デザ
インを考案した．それが三角共振器を DFI システムに組
み込むリング共振器型 DFI（RC-DFI）である．更に今回，
RC-DFI における雑音相殺能力の確認と RC-DFI 特有の雑
音を評価することを目的として共振器長制御実験を行な
った． 
 
３．	%'* ͷݪཧ
 % ࣍ݩۭؒʹ/ݸͷࣗ༝࣭఺͕͋Δܥʢਤ̍ʣΛԾఆ
͢Δɽ͜ΕΒͷࣗ༝࣭఺܈ؒڑ཭Λޫͷ౸ୡ࣌ؒʹΑͬ
ͯଌఆ͢Δͱ͖ɼมҐࡶԻ͸/ʷ%ݸ࣌ܭࡶԻ͸/ݸͰ
߹ܭ/	%
ݸͷࣗ༝౓ΛࡶԻ͸࣋ͭɽͦ Εʹରͯ͠ɼ৴
߸νϟωϧ਺͸ࣗ෼Ҏ֎ͱͷϖΞΛߟ͑ͯ /	/
ݸ͋
ΔɽࡶԻΛফڈ͢Δ৚݅͸νϟωϧ਺ʼࡶԻ਺ɼͭ ·Γɼ

   
Λຬͨ͢͜ͱͰ͋Δɽ͜Ε͸ࣗ༝࣭఺ͷ਺ͱ഑ஔͷ࣍ݩ
Λద౰ʹΞϨϯδ͢Δ͜ͱͰɼมҐࡶԻͷফڈ͕ՄೳͰ
͋Δͱ͍͏͜ͱΛҙຯ͢Δ<>ɽ

ਤ̍ ࣗ༝࣭఺ωοτϫʔΫ 

４．	Ϧϯάڞৼثܕ%'*
 %'* Λ࣮ݱ͢Δ࠷΋γϯϓϧͳޫֶܥ͸૒ํ޲
.BDI;FIOEFS ׯবܭʢ.;*ʣͱݺ͹ΕΔ̎ೖྗ̐ग़ྗͷ
ׯবܭߏ੒Ͱ͋Δʢਤ ʣɽมҐࡶԻϑϦʔ৴߸͸ಉ͡
৚݅ʹ͋Δ̎ͭͷ৴߸	֤ .;* ৴߸
͔Βɼڞ༗͢Δڸͷ
มҐࡶԻ৘ใΛҾ͖ࢉ͢Δ͜ͱͰಘΔ͜ͱ͕Ͱ͖Δ<>ɽ


ਤ  ૒ํ޲.BDI;FIOEFS ׯবܭ

͔͠͠ɼ͜ͷׯবܭσβΠϯͰ͸Ϩʔβʔޫͷύϫʔ
͸׬શʹೖࣹϨʔβʔʹΑܾͬͯఆ͞Εɼޫͷ᫔ࣹѹࡶ
ԻΛޮ཰తʹ૿෯Ͱ͖ͳ͍͜ͱ͔Βɼ৴߸ରࡶԻൺʢ4/
ൺʣ͕௿͘ͳͬͯ͠·͏͜ͱ͕໰୊ࢹ͞Ε͍ͯͨɽਤ̏
͸ද̍ͷύϥϝʔλΛݩʹ.;*ܕ%'*ͷมҐײ౓Λݟੵ
΋ͬͨ΋ͷͰ͋Γɼ)[ఔ౓ʹ͓͚Δ%'*ײ౓ͱ 42-
ͷ 4/ ൺ͸໿  Ͱ͋ͬͨɽ


ਤ̏ .;* ܕ %'* ͷมҐײ౓
ද̍ ࡶԻܭࢉʹ༻͍ͨύϥϝʔλ


ͦ͜Ͱࠓճ͜ͷ໰୊Λղܾ͢Δޫֶܥͱͯ͠Ϧϯάڞ
ৼثܕ %'*ʢਤ̐ʣΛఏҊ͢Δɽ͜ͷޫֶܥͷ࠷େͷಛ
௃͸ڞৼث಺ΛϨʔβʔޫ͕Կ౓΋पճ͢Δ͜ͱͰ࣮ޮ
తʹύϫʔ͕૿෯͞Εɼ᫔ࣹѹࡶԻͷ؍ଌʹཁٻ͞ΕΔ
਺L8Ҏ্ͷେ͖ͳϨʔβʔύϫʔ͕ಘΒΕΔ఺Ͱ͋Δɽ
͜ͷϦϯάڞৼثʹ૒ํ޲͔ΒϨʔβʔΛೖࣹ͠ɼಉ༷
ʹͯ͠ݮࢉॲཧΛࢪ͢͜ͱͰϦϯάڞৼثܕ %'*
ʢ3$%'*ʣΛ࣮ݱ͢Δɽ


ਤ̐ Ϧϯάڞৼثܕ%'*

ਤ̑͸ಉ༷ʹද̍ͷύϥϝʔλΛݩʹ 3$%'* ͷมҐ
ײ౓Λܭࢉͨ͠΋ͷͰ͋Δɽਤ̑ΑΓɼ໿ )[ ଳҬ
ʹ͓͍ͯ 42- Λ௒͑Δײ౓ʢ੺ృΓྖҬʣͷ࣮ݱ͕ࣔࠦ
͞Εɼߋʹ 4/ ൺ͸࠷େ໿  ͱ .;* ܕͱൺֱͯ̎͠ഒ


ਤ̑ 3$%'* ͷมҐײ౓
Ҏ্େ͖͘42-ײ౓Λߋ৽Ͱ͖Δ͜ͱ͕Θ͔ͬͨɽ·ͨɼ
3$%'* ͸ɼࡾ֯ڞৼثͱ͍͏زԿֶతੑ࣭͔Βޫͷ᫔ࣹ
ѹʹΑΓ֯౓ͷࣗಈิਖ਼ֻ͕͔Δҝɼ͜ͷΑ͏ͳ௒ਫ਼ີ
ଌఆ࣮ݧʹ͸ෆՄܽͳ൥ࡶͳڸͷ֯౓੍ޚΛߦ͏ඞཁ͕
ແ͍ͱ͍͏ɼେ͖ͳར఺Λ΋༗͍ͯ͠Δɽ


ਤ̒ Ϧϯάڞৼثʹ͓͚Δ֯౓ͷࣗಈิਖ਼

ຊ࿦จ಺Ͱ͸ɼͦͷϓϩτλΠϓ࣮ݧͱͯ͠ 3$%'*
ײ౓ଌఆͷҝͷڞৼث௕੍ޚ࣮ݧΛߦͬͨɽ
 
５．	3$%'* ڞৼث௕੍ޚ࣮ݧ
ຊ࣮ݧͰ͸ڧ౓ࡶԻ௿ݮػೳΛ༗͔ͭ͠؆ศͰ͋Δ͜
ͱ͔ΒϦϯάڞৼثͷภޫબ୒ੑΛར༻ͯ͠ภޫঢ়ଶΛ
ૢ࡞͢Δ͜ͱͰޡࠩ৴߸Λऔಘ͢Δ )ÅOTDI$PVJMMBVE ๏
Λ༻͍ͯڞৼث௕੍ޚ࣮ݧΛߦͬͨɽຊ࣮ݧͷશମͷߏ
੒ͱڞৼث௕੍ޚͷϒϩοΫμΠΞάϥϜ͕ͦΕͧΕਤ
̓ɼ̔Ͱ͋Δɽ


ਤ̓ ຊ࣮ݧͷશମߏ੒

ڞৼث௕ͷϑΟʔυόοΫ੍ޚͰ͸ɼมಈΛ཈͑Δҝ
ͷ੍ޚ৴߸ʢWGCʣ͔Β֎ཚʢมҐ৘ใ YʣΛٯࢉ͢Δ͜
ͱ͕Ͱ͖Δɽਤ̔ΑΓɼWGC͔Β YΛٻΊΔҝʹ͸ɼ

ͱ֤఻ୡؔ਺Λଌఆͨ͠ޙɼٯࢉ͢Ε͹Α͍ɽ

 
ਤ̔ ڞৼث௕੍ޚͷϒϩοΫμΠΞάϥϜ
ʢ)ɿ3$ʹΑΔڸͷมҐηϯαɼ'ɿϩʔύεϑΟϧλɼ
"ɿϐΤκૉࢠΛ༻͍ͨมҐΞΫνϡΤʔλʣ

 ڞৼثΛ૊ΈࠐΜͩޫֶܥͷઃܭʹ͸ΞϥΠϯϝϯ
τ͚ͩͰ͸ͳ͘ɼϏʔϜͷۭؒϞʔυ΋ڞৼثʹ߹Θͤ
ͳ͚Ε͹ͳΒͳ͍ɽ͜ͷ͜ͱΛϞʔυϚονϯάͱݴ͍ɼ
ຊ࣮ݧͰ͸ޫֶఆ൫ͷαΠζ΍ڞৼثʹ࢖༻͢Δڸͷۂ
཰ɼϨϯζͷয఺ڑ཭ͱ͍༷ͬͨʑͳ੍໿ͷ΋ͱɼਤ̕
ͷΑ͏ʹઃܭͨ͠ɽ·ͨɼਤ̍̌͸࣮ࡍͷࣸਅͰ͋Δɽ


ਤ̕ ຊ࣮ݧͷޫֶܥ


ਤ̍̌ ޫֶܥʢ࣮ࡍͷࣸਅʣ

 ਤ̍̌Ͱ͸૒ํ޲͔ΒϨʔβʔΛೖࣹ͍ͯ͠Δ͕ɼ
·ͣ͸࣌ܭํ޲ʢ੺ઢͷޫ࿏ʣʹϨʔβʔΛೖࣹͯ͠ڞ
ৼث௕੍ޚΛߦͳͬͨɽਤ̍̍͸ڞৼث௕੍ޚ৴߸ͱ͠
ͯ 3BNQ ೾ΛΞΫνϡΤʔλʹՃ͑Δ͜ͱͰੜ੒ͨ͠ޡ
ࠩ৴߸ͱಁաޫڧ౓Ͱ͋Δɽಁաޫ͕࠷େͱͳΔڞৼ఺
Ͱ 7 ͔ͭڞৼث௕มಈʹઢܕͳޡࠩ৴߸͕ಘΒΕ͍ͯ
Δ͜ͱ͕֬ೝͰ͖ͨɽ

μ
-6
-4
-2
 0
 2
 4
 6
 8
 10
-1 -0.5  0  0.5  1
-100
-50
 0
 50
 100
 150
 200
In
te
ns
ity
 [ 
 W
]
Displacem
ent [nm
]
time [s]
Cavity Length Displacement
Error Signal(AC)
Transmitted Light

ਤ̍̍ ޡࠩ৴߸ͱಁաޫڧ౓

ڞৼث௕੍ޚΛ࣮ࢪͨ͠ࡍͷޡࠩ৴߸ͱಁաޫڧ౓Λ
ϓϩοτͨ͠ਤ͕ਤ̍̎Ͱ͋Δɽ

-4
-3
-2
-1
 0
 1
 2
 3
 4
-2 -1.5 -1 -0.5  0  0.5  1  1.5  2-30
-20
-10
 0
 10
 20
 30
In
te
ns
ity
 [ 
 W
] Voltage [m
V]
time [s]
Error Signal(AC)
Transmitted Light
μ

ਤ̍̎ ੍ޚ࣮ࢪલޙͷޡࠩ৴߸ͱಁաޫڧ౓

ਤ̍ ΑΓɼ໿  ඵҎ߱͸ڞৼث͔Βग़ͯ͘Δಁաޫ
ͷڧ౓͕Ұఆʹҡ࣋͞Ε͍ͯΔ͜ͱ͔Βɼڞৼث௕੍ޚ
ʹ੒ޭͨ͠ͱݴ͑Δɽ

10-15
10-14
10-13
10-12
10-11
10-10
10-9
10-8
100 101 102 103 104
Di
sp
lac
em
en
t N
ois
e 
[m
/H
z1
/2
]
Frequency [Hz]
RC Sensitivity
MZI Sensitivity
MZ-DFI Sensitivity

ਤ̍̏ Ϧϯάڞৼثͱ.;*ɼ.;ܕ %'* ͷมҐײ౓

 લड़ͷ௨Γɼ੍ޚ৴߸͔ΒϦϯάڞৼثͷมҐײ౓Λ
ٯࢉ͠ɼߋʹҎલଌఆͨ͠.;* ͱ .BDI;FIOEFS ܕ %'*
ʢ.;%'*ʣͷײ౓ͱڞʹॏͶॻ͖ͨ͠΋ͷ͕ਤ̍̏Ͱ͋
Δɽ 

６．	݁ Ռͱߟ࡯
共振器⻑制御実験を⾏い，リング共振器に⽣じる雑⾳
（図１３，⾚線）が確認された．MZI 感度（図１３，緑線）
と⽐較すると，ほぼ全観測周波数帯域で感度が悪いこと
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